The proposed sensing device relies on the self-imaging effect that occurs in a pure silica multimode fiber (coreless MMF) section of a single-mode-multimode-single-mode (SMS)-based fiber structure. The influence of the coreless-MMF diameter on the external refractive index (RI) variation permitted the sensing head with the lowest MMF diameter (i.e., 55 μm) to exhibit the maximum sensitivity (2800 nm∕RIU). This approach also implied an ultrahigh sensitivity of this fiber device to temperature variations in the liquid RI of 1.43: a maximum sensitivity of −1880 pm∕°C was indeed attained. Therefore, the results produced were over 100-fold those of the typical value of approximately 13 pm∕°C achieved in air using a similar device. Numerical analysis of an evanescent wave absorption sensor was performed, in order to extend the range of liquids with a detectable RI to above 1.43. The suggested model is an SMS fiber device where a polymer coating, with an RI as low as 1.3, is deposited over the coreless MMF; numerical results are presented pertaining to several polymer thicknesses in terms of external RI variation.
Introduction
Multimode interference (MMI) on optical fiber devices has been thoroughly investigated as an attractive technology for optical communication and sensing [1] . A typical example is the single-modemultimode-single-mode (SMS) fiber structurewhich, owing to its unique spectral characteristics, has found many applications, e.g., in edge filtering for wavelength measurement [2] , refractometry [3] , strain measurement with compensation of temperature [4] , and curvature sensing [5] .
The self-imaging phenomenon in waveguided devices is a well-known concept [6] ; in recent years, many efforts have been made to develop MMI-based fiber devices based on such a concept. Mohammed et al. [7] reported a fiber structure relying on the self-imaging effect for bandpass filtering; in this case, the sensing head was a section of a pure silica multimode fiber (coreless MMF)-125 μm in diameter and 57.7 mm in length, spliced between two single-mode fibers (SMFs), and proposed as a fixed-wavelength bandpass filter. The wavelength peak arising from the self-image could be adjusted by changing the MMF length, or finely tuned via application of strain on the fiber device. Later, Antonio-Lopez et al. [8] developed an SMS fiber-based wavelength-tunable filter; the total MMF section relied on two spliced sections of a standard MMF with 105∕125 μm core and cladding diameters, respectively, and coreless MMF with 125 μm diameter, so that the combined length still formed a self-image at the end of the MMF. A capillary tube filled with refractive-indexmatching liquid was used between the 105∕125 μm MMF section and the input SMF, to effectively increase the length of the total MMF section-and accordingly achieve wavelength tuning.
A different approach relied on a fiber tip sensor for liquid level measurement [9] . The sensing structure was a 125 μm diameter coreless-MMF section spliced to an SMF, with 60.816 mm in length corresponding to a self-image plane; the MMF tip was coated with a 200 nm thick layer of gold acting as mirror, so that the self-image was backreflected and coupled into the SMF. Therefore, when the coreless MMF was immersed in a liquid and its level was changed, a correlated shift of the wavelength peak was found. Wu et al. [10] produced, in turn, a displacement sensor based on a bent SMS fiber structure. A standard 105∕125 μm MMF section was consequently used, with a length of 42.1 mm to ensure self-imaging. The bending decreased the risk of fiber breakage, as well as the limitation of displacement range that typically occurs in a straight fiber device.
Recently, another SMS fiber-based refractometer relying on the self-imaging concept was reported [11] ; a chemically etched core MMF was used, with different diameters and lengths tested, in attempts to unfold its influence on the sensitivity to refractive index (RI) measurement. Within the RI range (1.345-1.43), fiber devices having etched core MMFs with diameters of 50, 80, and 105 μm were analyzed; numerical results have shown that the sensitivity to external RI increased when the etched MMF core diameter decreased. However, experimental validation was performed only with etched core MMFs with 80 and 105 μm in diameter. On the other hand, Aguilar-Soto et al. [12] used the self-imaging effect of an SMS fiber structure, based on a coreless MMF with 125 μm in diameter, to measure temperature; a typical sensitivity of approximately 13 pm∕°C in the temperature range from 25°C to 375°C was achieved.
This work conveys experimental results based on the MMI concept-which was intended here to measure RI variations of the surrounding medium, in order to ascertain the temperature dependence in a high-sensitivity RI range. The proposed sensing device is based on an SMS fiber structure in which a section of coreless MMF was used. Three MMFs with different diameters were tested, namely, 55, 78, and 125 μm; and the influence of diameter upon the sensitivity to RI variations was ascertained. Both numerical simulations and experimental results showed that the sensitivity to RI would increase if the coreless-MMF diameter decreased; a maximum sensitivity of 2800 nm∕RIU was indeed attained for the sensing head with a coreless MMF of 55 μm in diameter. Therefore, our fiber device has shown to be highly sensitive to temperature variations for a liquid RI of 1.43 (i.e., a nominal value of 1.44)-and a maximum sensitivity of −1880 pm∕°C was attained. The beam-propagation method (BPM) was employed in modeling light propagation along the proposed fiber structure-and a comparison between experimental data and numerical simulations is presented.
Results
The proposed sensing head consists of a coreless-MMF section, spliced between two SMFs and interrogated in transmission; this is schematically shown in Fig. 1 . The coreless MMF is a pure silica rod characterized by a RI of 1.444. A broadband source (BBS) in the 1550 nm spectral range was employed-with a bandwidth of 300 nm and an optical spectrum analyzer (OSA) as the interrogation unit.
The theoretical basis underlying the SMS-based fiber structure concept is that when the light field propagating along the input SMF enters the MMF section, several modes of the MMF are excited; hence, differential phases between the modes will accumulate, while the light beam propagates along the remainder of the MMF section. Although the global field profile changes along the MMF section, it remains symmetrically distributed along the direction of propagation [13] . Therefore, distinct propagation distances correspond to different field profiles at the exit end of an MMF with a given length L. Furthermore, there are several fractional planes where field condensation occurs-some of which are periodic planes where self-imaging takes place [14, 15] . The self-imaging distance (Z i ) thus pertains to where the light field at the input of the MMF section is replicated, in both amplitude and phase, on the output of the MMF for a specific wavelength; hence, it can be calculated as
where D and n core are the MMF diameter and core RI, respectively, and λ is the operational wavelength. In this specific case, the light field condensation in a particular plane results from constructive interference between the several guided modes; whereas in the case of the fractional (not self-imaging) planes, one may assume constructive interference between two consecutive modes that were excited with the highest coupling efficiency. It should be noted that only the first self-image (and multiples) will exhibit minimum losses, and those will be used during this work. The operating mechanism of our sensing head relies on the self-imaging phenomenon that occurs for a specific length of the coreless MMF used, thus providing a well-defined wavelength peak-which in principle will be sensitive to the cladding (a role played here by the liquid) RI variations. Considering that the thermo-optic coefficient of water is approximately 10 −4 K −1 [16] , higher sensitivities to liquid RI are expected than if RI variations were measured in air-where the thermo-optic effect is lower, approximately 10 −6 K −1 [17] . As shown below, the proposed fiber device will be suitable for high-sensitivity measurement of temperature for a liquid RI of 1.43 (i.e., a nominal value of 1.44).
To further develop this study, a three-dimensional simulation based on the BPM [18] was taken advantage of to investigate the beam behavior in the coreless-MMF section of an SMS fiber structure in transmission, relying on the self-imaging effect and when submitted to different external RIs. To investigate the influence of the coreless-MMF diameter in the presence of external RI variation, the first selfimage length was selected for both numerical and experimental analysis.
The modeling of light propagation was done for a pure silica fiber with a RI of 1.444 and three different diameters, namely, 55, 80, and 125 μm. SMFs with core and cladding diameters of 8.2 and 125 μm, respectively, were used for both light input and output of the coreless-MMF section. All fibers were aligned along the same axis and possessed a circular cross section. Our numerical simulations have shown that the optimized MMF length was 11.5, 24.2, and 58.9 mm, for the fiber structures with coreless-MMF diameters of 55, 80, and 125 μm, respectively. The intensity distribution of the electric field on the xz plane at the simulated coreless-MMF length of 11.5 mm and diameter of 55 μm is plotted in Figs. 2(a)-2(d)-when exposed to external RI of 1.0, 1.3, 1.36, and 1.42, respectively, and for operation at a fixed wavelength of 1550 nm.
Inspection of Fig. 2(a) shows clearly that, when the light field coming from the input SMF enters the coreless MMF at z 0 mm, interference between the different modes occurs along the MMF section (z direction). One further notices enhanced fractional planes where the light field appears to concentrate along the coreless-MMF section-located at approximately 2.5, 9, and 11.5 mm; however, the first self-image is located at its exit end, Z i 11.5 mm (modeling was extended until 12.5 mm, for better visualization), thus exhibiting minimum losses. Here, the whole light field condensates into one point, due to constructive interference between the several modes-to be recoupled into the output SMF. When the RI of the surrounding medium took higher values [see Figs. 2(b)-2(d)], the self-image plane moved forward to higher lengths of the coreless-MMF section. In the situation of a broadband optical field (Fig. 1) , this corresponds to a spectral wavelength peak of the sensing structure to shift as well.
Three coreless MMFs with different diameters, namely, 55, 78, and 125 μm (SMS 1 , SMS 2 , and SMS 3 , respectively), were experimentally tested. Splices between the coreless MMF and SMFs were performed manually with a fiber fusion splicing machine (FITEL S177A). Because of MMFs with smaller diameters than the SMF, perfect alignment in the splicing process could not be guaranteed; a maximum misalignment of approximately 5 μm for SMS 1 was estimated. The length of each coreless-MMF section was set so as to provide a well-defined wavelength peak in the operational wavelength range of 1400-1700 nm. A digital caliper and a fiber-cutting machine were used to measure and cut each MMF section with the desired length (to an upper measurement error of 0.5 mm), respectively. The fiber devices were analyzed by optical microscopy, and the optimized length able to achieve the first self-imaging point was 11.45, 21.37, and 58.23 mm, for SMS 1 , SMS 2 , and SMS 3 , respectively. These values are in good agreement with those obtained by numerical simulation and based on Eq. (1) with n core 1.444 and λ 1550 nm.
The response of each structure to external RI variations was evaluated in detail. The sensing device characterization was performed by exposing each sensing head to liquids bearing distinct RIs in the range 1.30-1.43. A series of commercial RI standards from Cargille Laboratories (Cedar Grove, N.J.) were accordingly used; such standards were properly corrected for the operational wavelength of 1550 nm and room temperature (20°C). The optical spectra of SMS 1 , SMS 2 , and SMS 3 for three different external RI (i.e., 1, 1.33, and 1.4) are depicted in Fig. 3 .
Each sensing structure has a wavelength peak used for RI measurements, with a full-width at half-maximum (FWHM) of approximately 48, 33, and 11 nm, for SMS 1 , SMS 2 , and SMS 3 , respectively. Results have shown that the device exhibited a substantial change in amplitude of the optical signal, as a consequence of the change in the reflection coefficient at the coreless MMF/liquid interface. The amplitude of the optical signal decreased, due to the increase of the surrounding liquid RI while approaching the silica RI of the coreless MMF. Furthermore, a wavelength shift occurred because the effective RI of the guided modes at the coreless MMF changed when the sensing structure was submitted to RI variations of the external medium. The wavelength dependence of each sensing head on the RI variation of the surrounding medium is shown in Fig. 4 , in agreement with the result obtained with an etched core MMF fiber [11] .
According to Fig. 4 , the numerical simulations are in good agreement with the experimental results generated. As anticipated, the wavelength shift increases with increasing liquid RI but the behavior is not linear within the RI range studied. Analysis of the simulated results [ Fig. 4(a) ] showed that, in the lower RI range (1.30-1.33), estimated sensitivities of 186, 134, and 104 nm∕RIU, for SMS 1 , Table 1 . A previous study using the MMI of a large-core airclad photonic crystal fiber-based sensing structure has unfolded the influence of temperature upon the RI response using water as the test fluid-and a maximum sensitivity of 800 nm∕RIU was observed [19] . Using this feature, the proposed fiber device appears suitable to measure the temperature, with an enhanced sensitivity for a liquid RI of 1.43. To perform this experiment, the sensing head with the coreless-MMF diameter of 55 μm (SMS 1 ) was used to ensure maximum sensitivity. The sensing device was placed in contact with a Cargille RI liquid, with a nominal value of 1.44, to measure temperature variations in the high-sensitivity RI range, namely, 1.42-1.43. At the operational wavelength of 1550 nm and room temperature (20°C), the nominal value 1.44 is to be corrected to 1.4298-considering a thermo-optic coefficient of −3.95 × 10 −4 . The fiber structure was submitted to increasing values of temperature (ΔT) in the range [0°C-80°C], at 5°C steps-and the corresponding results are depicted in Fig. 5 .
Inspection of Fig. 5 indicates that the sensing head produces a nonlinear response to temperature variations-characterized by an ultrahigh sensitivity of −1880 pm∕°C in the temperature range 0°C-25°C. These results are over 100-fold the typical value of approximately 13 pm∕°C achieved in air with a similar fiber structure [12] . From 25°C to 80°C, a sensitivity of −360 pm∕°C was recorded.
In practice, a temperature change induces coreless-MMF length variation (due to thermal expansion) and RI variation of the coreless MMF (due to silica thermo-optic effect); hence, an optical path length variation occurs, with an associated wavelength scaling for the measured region. Using a surrounding liquid with the proper RI, a high sensitivity to temperature may thus be obtained-with the possibility to choose the temperature range to be measured only by rescaling the external medium RI. The bottom line is that when temperature increases the RI of the liquid decreases and sensitivity to temperature decreases as well.
For instance, sensitivity as low as 188 pm∕°C is obtained when a liquid with nominal RI of 1.44 is used, suitable to measure temperature in the 60°C-80°C range. Rescaling the liquid RI to a nominal value of, say, 1.46 at 20°C, would lead to a high sensitivity but in the temperature range of 60°C-80°C. The numerical simulation unfolds a pattern similar to experimental evidence (see Fig. 5 ). In this case, the RI variation of the fiber due to the silica thermo-optic effect was taken into account; the effect of thermal expansion over the MMF length variation was not taken into account, because it is much smaller than the thermo-optic effect.
Although showing a high sensitivity to RI variations, the proposed SMS fiber structure is always restricted to external RI values below the effective RI of the guided modes. Numerical analysis of an evanescent wave absorption sensor was performed in attempts to overcome this limitation. The suggested model is an SMS fiber device where a polymer coating, with an RI as low as 1.3, is deposited over the coreless-MMF section-aimed at extending the range of possible liquid RI values around the MMF to above 1.43. Note that the proposed sensing concept for the measurement of external RI changes is based on evanescent wave absorption induced by the measurand. Numerical simulations were then performed for the sensing head characterized by a coreless-MMF diameter of 125 μm and coated with a polymer layer of varying thickness, namely, 0.5, 0.75, 1.0, and 1.5 μm. The results obtained are available as Fig. 6(a) .
Numerical results indicates that a polymer thickness of 1.0 or 1.5 μm leads to a poor change in intensity, approximately 0.14 and 0.1, respectively; conversely, for a polymer thickness of 0.5 and 0.75 μm, the intensity change is higher, approximately 0.6 and 0.5, respectively. On the other hand, one observes a decrease of the signal to nearly zero after 1.45 RIU, for polymer thicknesses of 0.5, 1.0, and 1.5 μm, thus leading to an effective measurable RI range from 1.435 to 1.45. This means that, for insufficient polymer thickness, the evanescent wave escapes into the surrounding medium that acts as cladding, whereas for an excessive film thickness, the evanescent wave absorption is weak, and thus it is less sensitive to the surrounding medium. Therefore, the optimized polymer thickness found is 0.75 μm as it couples a high intensity change to an effective measurable RI range (1.43-1.48).
The proposed sensing device appears suitable for measurement of an external RI above 1.43, via intensity variations of the signal [as shown in Fig. 6(b) ]. In the past, a pH sensor based on a plastic cladding silica fiber coated with multiple sol-gel layers was previously proposed [20] -and the sensing principle used was intensity variations of the signal via evanescent wave absorption in the sensing region of the fiber structure. The optimum thickness of the thin film was found to be approximately 0.6 μm-which is consistent with our numerical results.
Conclusions
This paper reports on a highly sensitive temperature sensor, based on MMI. The sensing concept relies on the self-imaging effect that occurs in a coreless-MMF-based SMS fiber structure interrogated in transmission, and it is intended to measure RI variations of a surrounding medium in order to ascertain the temperature dependence in a highsensitivity RI range.
Three MMFs with different diameters, namely, 55, 78, and 125 μm, were used, and the influence of diameter upon the sensitivity to RI variations was assessed in the range of (1.3-1.43) . The sensitivity to external RI variations increased when the coreless-MMF diameter was decreased; a maximum sensitivity of 2800 nm∕RIU for the SMS fiber structure with the lowest coreless-MMF diameter (55 μm) was achieved. This sensing device thus proved to be highly sensitive to temperature variations in the liquid RI of 1.43 (with a nominal value 1.44)-with the maximum sensitivity of −1880 pm∕°C. Our results are more than 100-fold typical values, approximately 13 pm∕°C and 10 pm∕°C, achieved in air with a coreless-MMF-based SMS fiber structure and an FBG, respectively.
The BPM was employed in modeling light propagation along the SMS fiber structure, for the sake of comparison of experimental data to numerical simulations; a good agreement was found between them. The proposed fiber device has a high potential for measurement of RI and temperature-although restricted to external RI values below the effective RI of the guided modes. To overcome this drawback, numerical analysis of an evanescent wave absorption sensor was performed. The model suggested was based on an SMS fiber structure, in which a coreless MMF with diameter of 125 μm was coated with a polymer layer, and an RI as low as 1.3 was tested with the purpose of extending the range of possible RI liquids around the MMF fiber to above 1.43. Numerical simulations indicated that the optimized polymer thickness is 0.75 μm for an RI range of (1.42-1.48).
Therefore, the proposed sensing device appears suitable for a variety of applications in food and oil research-either by changing the diameter of the coreless MMF or coating it with a polymer layer; it will likely display a high sensitivity to external RI or temperature, along an extended RI range, say (1.30-1.48). (ref. 
